The multiferroic manganese tungstate (MnWO 4 ) has been studied by high-pressure Raman spectroscopy at room temperature under quasi-hydrostatic conditions up to 39.3 GPa. The low-pressure wolframite phase undergoes a phase transition at 25.7 GPa, a pressure around 8 GPa higher than that found in previous works, which used less hydrostatic pressure-transmitting media. The pressure dependence of the Raman active modes of both the low-and high-pressure phases is reported and discussed comparing with the results available in the literature for MnWO 4 and related wolframites. A gradual pressure-induced phase transition from the low-to the high-pressure phase is suggested on the basis of the linear intensity decrease of the Raman mode with the lowest frequency up to the end of the phase transition. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Scintillators for dark matter search, 1 semiconducting photoelectrodes for photoelectrolysis, 2 or humidity sensors for meteorology 3 are some of the direct applications that wolframite-type compounds with chemical formula AWO 4 present. On top of that, an especially interesting case is the one with the divalent magnetic ion A ¼ Mn 2þ , which shows three different antiferromagnetic phases below 13.7 K, with the intermediate one presenting an incommensurate magnetic structure able to lift the center of inversion in manganese tungstate (MnWO 4 ) originating a polar moment. 4 The high-pressure (HP) behavior of these materials has attracted a lot of attention in recent years, 5, 6 with the search of new structures with enhanced scintillating properties being the major cause. At ambient pressure, wolframites crystallize in a monoclinic structure with Z ¼ 2 and space group P2/c. 7 A theoretical work has shown that the monoclinic (P2/c) wolframite structure is energetically competitive with a triclinic (P 1) one of CuWO 4 -type. 8 On the other hand, experiments have demonstrated that non-uniform stress due to non-hydrostatic components can favor a structural transformation from the monoclinic to the triclinic structure. 8, 9 This particular transformation induced by non-hydrostatic conditions has been observed experimentally in wolframites ZnWO 4 and MgWO 4 at around 17 GPa (Ref. 8) and more recently at a similar pressure in MnWO 4 by Dai et al. 10 In quasi-hydrostatic conditions, the absence of deviatory stresses has proved to allow these materials to retain the monoclinic wolframite structure up to pressures around 26 GPa (Refs. 5 and 9) with a predicted doubled unit-cell and a symmetry increase for the HP phase that remains unsolved experimentally. Despite the technological and fundamental science interest that MnWO 4 generates, the study of its structural and optical properties under pressure in quasi-hydrostatic conditions has been limited to pressures below 10 GPa. 6, 11, 12 In this work, we report a Raman spectroscopy study under quasi-hydrostatic conditions of the vibrational properties of MnWO 4 up to 39.3 GPa that shows an increase of 8 GPa in the structural stability of the wolframite phase with respect to previous works.
II. EXPERIMENTAL DETAILS
Our HP Raman experiments were performed at room temperature using diamond-anvil cells (DACs). To minimise the presence of deviatoric stresses that might compromise the phase diagram of MnWO 4 , we have employed neon (Ne) as pressure-transmitting medium (PTM). Neon is known to guarantee quasi-hydrostatic conditions up to and above 30 GPa. 13 Powder samples were obtained from 1 mm 3 single crystals grown by the high-temperature solution method.
14 The measurements were conducted in backscattering geometry with a 632.81 nm HeNe laser line. A LabRam HR UV microRaman spectrometer with a 1200 grooves/mm grating and a 100 lm slit was employed together with a thermoelectric-cooled multichannel CCD detector ensuring a resolution better than 2 cm
À1
. For the experiments, a 300-lm culet Boehler-Almax DAC and a tungsten gasket indented to 35 lm in thickness, and laser drilled with a 100 lm hole, were used. In all experiments, the ruby fluorescence scale 15 was employed to determine pressure. low-pressure (LP) wolframite structure (C 2h ) gives rise to 8 A g all-breathing modes and 10 B g modes that are Raman active. In our experiment, we were able to follow the 18 Raman-active modes of the LP phase under pressure. We can observe a frequency shift to higher frequencies, some changes in the relative intensity of some of the modes or the loss of some of them, a peak width increase due to the inter-grain strain, and the frequency crossing of two other modes around 400 cm À1 at 15 GPa already seen in other wolframites. 5, 9 However, no evidence of a structural phase transition to a HP phase was found below 25.7 GPa. Above this pressure, 18 new Raman-active modes appear and coexist with those of the LP phase up to 35 GPa. The appearance of these new peaks at 25.7 GPa is interpreted as the onset of a structural phase transition that is only completed at around 35 GPa.
Low-frequency vibrational modes in wolframites are particularly interesting because they are due to WO 6 -MnO 6 inter-octahedra motions and, therefore, are more sensitive to structural symmetry changes than the intra-octahedra stretching modes, which are more related to local changes inside the octahedra. 5 In this respect, it is interesting to note the continuous intensity decrease with pressure of the lowest-frequency B g mode located at 94 cm À1 at 3.6 GPa (see Fig. 1 ), which is no longer detected above 28.1 GPa when the phase transition is about to end. The intensity decrease of the lowest frequency B g mode in the LP phase of MnWO 4 with pressure has also been observed in a recent work by Dai et al. 10 in MnWO 4 but this mode does not show this behaviour in the other wolframites studied so far. It is well known that in the surroundings of a phase transition, the intensity of the Raman active modes tends to drop as a consequence of the partial transformation of the crystal. However, a continuous intensity decrease of a particular mode is usually related to changes in the polarizability, a p . The intensity of a Raman mode is proportional to the square of the polarizability change with the normal mode coordinate
In Fig. 2 , we represent the pressure evolution of the square root of the relative intensity of the lowest-frequency Raman B g mode of MnWO 4 with respect to that of the highest-frequency A g mode I(B g )/I(A g ). Note that the highest frequency mode A g is the most intense one and its intensity almost does not change with pressure. Therefore, by normalizing the intensity of the lowest energy B g mode with respect to the highest frequency A g mode, we avoid uncontrolled effects that might affect the intensity of the modes. We have found that the square root of the relative intensity and therefore da/dQ has a linear dependence with pressure. The intensity of the lowest energy B g mode is not accurately measurable in our experiment above 25.7 GPa; however, if we extrapolate the linear tendency to higher pressure we observe that the mode would completely vanish at 35 GPa with the end of the phase transition. Although no much information can be obtained about the structural transformation from the variation of da/dQ with pressure, any variation of the polarizability change of a mode must necessarily be related to the local symmetry of the block involved.
Considering the number of Raman-active modes and their relative intensities, the HP Raman spectra of MnWO 4 resemble very much those of the HP phases of other FIG. 1. Raman spectra of MnWO 4 at selected pressures. Black and red ticks locate the maxima of the Raman modes of the low-pressure phase at 3.6 and 25.7 GPa, respectively, whereas green and blue ticks do it for the high-pressure phase at 25.7 and 37.4 GPa, respectively. All spectra are measured upon pressure increase with the exception of the one at the top denoted by (r), which corresponds to pressure release. The symmetry of some of the modes is depicted. wolframites. This suggests that most wolframites undergo a phase transformation to the same HP phase. On the basis of this assumption, the linear intensity decrease of the lowest frequency B g mode in MnWO 4 , though associated to the phase transition, cannot be the cause of the phase transformation since its pressure dependence is different for other wolframites. However, it clearly indicates that the mechanism of the phase transformation in MnWO 4 must be gradual due to the linear decrease of the intensity and its disappearance at the end of the phase transition.
Another interesting piece of information about the HP phase structure can be extracted from the highest-frequency Raman mode in wolframites, and in particular in MnWO 4 . This all-breathing A g mode located at 895 cm À1 at 3.6 GPa is an internal WO 6 stretching mode and, therefore, its frequency is entirely dependent of the W-O bonding distances. Therefore, a frequency drop in this mode might be tentatively understood either as a W-O bond enlargement or a coordination increase, or both. However, direct structural information cannot be extracted from a spectroscopic technique. Therefore, the present results are calling for the performance of x-ray diffraction studies under high pressure in quasi-hydrostatic conditions. Another point to remark from Fig. 1 is that the phase transition is completely reversible as can be shown with the Raman spectrum measured at 0.5 GPa after releasing the pressure.
In Fig. 3 , we present the pressure evolution of the 18 Raman modes of MnWO 4 for both the LP and the HP phases up to 39.3 GPa. Since most of the Raman modes evolve linearly with pressure, we have obtained the pressure coefficients (dx/dP) of them by means of linear fits. For those modes that have a quadratic behavior (219, 790, and 895 cm À1 at 3.6 GPa), we have obtained the pressure coefficient from the LP linear part to allow comparison with previous works. HP and LP results are summarized in Table I together with the experimental results obtained in Refs. 10 and 16, and the calculated results presented in Ref. 9 . The agreement of the measured mode frequencies at ambient pressure for the LP phase in the three experiments is good; however, the behavior of some of the modes under pressure is rather dependent on the hydrostatic conditions. Hence, the pressure coefficients that we have obtained for some modes with neon as PTM differ considerably from those obtained by Dai et al. 10 without PTM or those obtained by Maczka et al. 16 in Mn 0.97 Fe 0.03 WO 4 using mineral oil Lujol as PTM. The agreement between the experimental and calculated 9 pressure coefficients is, in general, very good when comparing with the quasi-hydrostatic experiment, while there are important differences when theory is compared to non-hydrostatic results. It is worth to mention, for example, the lowest energy B g mode, which shifts its energy almost twice faster in non-hydrostatic media than in Ne, whereas the B g mode at 512 cm À1 at ambient pressure shifts twice slower. Both facts suggest that deviatoric stresses could strongly influence the high-pressure structural and vibrational behavior of wolframites as they do on related scheelite-type oxides. 17, 18 In Table I, Since the multiferroic behavior of MnWO 4 was discovered, many works have been devoted to study its physical properties. However, most of those properties have been studied in the low-temperature range where the magnetic behavior shows up. One of those physical interesting properties is the thermal expansion that has been recently measured under pressure up to 1.4 GPa below 20 K. 12 However, the value of the thermal expansion coefficient has not been reported so far in a higher temperature range and only a predicted value can be found in the bibliography at ambient conditions. 19 A way to obtain an estimation of its value near the room temperature range can be done if the gr€ uneisen parameters of all the Raman active vibrational modes are known. The average gr€ uneisen parameter c av is related to the total molar heat capacity at constant volume, C v ¼ P C i and the linear thermal expansion coefficient a according to c av ¼ 3aV m B 0 /C v , 20, 21 where V m is the molar volume and C i is the contribution to the total molar heat capacity of the mode i. The quantity c av can be also obtained as c av ¼ P C i c i /C v . The molar heat capacity of a single mode is calculated according to the formula where E i ¼ h i and R is the ideal gas constant. For MnWO 4 , the molar unit-cell volume at ambient pressure is V m ¼ 4.22 Â 10 À5 m 3 mol
, and therefore we obtain a value for C v of 110 J mol À1 K À1 and for the average gr€ uneisen parameter c av of 0.69. Finally, we obtain that the average thermal expansion coefficient a takes a value of 4.59 Â 10 À6 K
. This value is comparable with the previously predicted average value of 5.7 Â 10 À6 K À1 since in our determination we are including only the contribution from the Raman active modes since no information about the gr€ uneisen parameters of the infrared active modes currently exists. This gives rise to a necessary underestimation of the value of a in our calculation. Anyway the obtained value is also comparable to the calculated a, considering only the Raman modes contribution, for other tungsten oxides like the scheelite-structured BaWO 4 .
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Concerning the HP phase, most of the Raman-active modes of the HP phase show smaller pressure coefficients than those of the LP phase, as observed in other wolframites. Since higher pressure phases are denser, they normally show an increased bulk modulus B 0 in comparison to their LP counterparts. This may explain the decrease in the pressure coefficients of the modes in the HP phase.
IV. CONCLUDING REMARKS
We have found with a Raman spectroscopy study under quasi-hydrostatic conditions that the structural stability of the wolframite phase in MnWO 4 is very sensitive to non-hydrostatic conditions and as happens with other wolframites, the stability range is extended to around 26 GPa when a quasi-hydrostatic pressure transmitting medium is used.
The compound undergoes a phase transition to an unknown phase at 25.7 GPa that is fully completed at 35 GPa. The pressure dependence of the polarizability variation for the lowest frequency Raman mode B g has been obtained in the LP phase indicating that the phase transition must be gradual. Furthermore, the frequency drop of the highest frequency mode in the transformation to the HP phase may be interpreted as a change of the W-O distances in the polyhedron. An x-ray diffraction study in quasi-hydrostatic condition is needed and currently in progress to solve the HP phase and understand the transformation mechanism. 
